Abstract-
I. INTRODUCTION
Microwave applications often involve both thin and thick conductors in the same electromagnetic environment. An example is depicted in Fig. 1 , where a full-wave dipole antenna is placed near a large rectangular platform. In the simulation environment, thin and thick conductors are modelled with open and closed surfaces, respectively. Then, the conventional solutions are restricted to employ the electric-field integral equation (EFIE) [1] due to the open parts of the geometry, since the magnetic-field integral equation (MFIE) [2] , and therefore, the combined-field integral equation (CFIE) [3] are not applicable to open surfaces. Unfortunately, EFIE usually gives ill-conditioned matrix equations, especially when the geometry of the problem involves closed surfaces. With EFIE, as the problem size gets larger and iterative methods are employed, solution of the composite problems with coexisting open and closed surfaces becomes extremely difficult, even when the matrix-vector products are accelerated by the multilevel fast multipole algorithm (MLFMA) [4] .
In this paper, we report an improved solution of the composite-type radiation problems by including the combinedfield integral equation in the formulation of the closed parts. Independent from the type of the iterative algorithm, the resulting hybrid formulation, i.e., the CFIE/EFIE formulation, consistently gives lower number of iterations compared to the conventional EFIE formulation. Convergence plots will be presented for the problem in Fig. 1 , and the hybrid formulation can be easily extended to other composite-type problems involving various relative amounts of open and closed parts.
II. CFIE FORMULATION OF COMPOSITE PROBLEMS
For conducting surfaces, EFIE and MFIE can be written in phasor notation with the e −iwt convention aŝ and
directly from the boundary conditions for the tangential electric and magnetic fields, respectively. In (1) and (2), scattered fields are expressed in terms of the induced (unknown) surface current J (r) with the aid of the free-space Green's function
where r is an observation point on the surface, andt and n are the tangential and normal vectors, respectively, at the observation point. On the right-hand sides of (1) and (2), E i (r) and H i (r) denote the incident electric and magnetic fields, respectively. CFIE is obtained by the combination of EFIE and MFIE as
where k is the wavenumber associated with the operation frequency and α is a parameter between 0 and 1. In a composite problem, we apply EFIE in (1) on the open parts, while CFIE with α = 0.2 is applied on the closed parts to improve the iterative solution. We note similar extended applications for CFIE in the literature, such as [5] , where the authors aim to reduce the computation cost of the system formation, and [6] , where the hybrid formulation is applied on thin and thick conductors that are completely closed.
III. RESULTS
In Fig. 1(a) , a full-wave dipole antenna is placed near a large rectangular conducting platform with dimensions λ × 5λ × 5λ. The dipole antenna is modelled by a strip of zero thickness with length λ and width λ/10. The composite structure is triangulated with a mesh size of λ/10 corresponding to 16,124 triangles on the box and only 20 triangles on the strip. We employ the Rao-Wilton-Glisson [7] functions as the basis and testing functions defined on the triangular domains. The resulting linear system involves a dense matrix equation with 24,205 unknowns. The feed of the antenna is simulated by a delta-gap source located at the center of the strip as shown in Fig. 1(b) . As depicted in Fig. 2 , the radiation problem in Fig. 1 is solved by various iterative methods [8] employing different formulations. Independent from the type of the iterative method, the hybrid CFIE/EFIE formulation obtained by employing CFIE on the closed box, has significantly improved convergence rates compared to the conventional EFIE formulation. For comparisons, the figures also include the hybrid MFIE/EFIE formulation obtained by employing MFIE on the closed parts, which gives slower convergence compared to the CFIE/EFIE formulation, but still better than the EFIE formulation.
IV. CONCLUSION
Improved iterative solutions of composite-type problems involving both thin and thick conductors are reported. By employing CFIE on the thin conductors modelled by the closed surfaces, the convergence rates are significantly improved compared to the conventional EFIE formulation.
